Nucleoside diphosphate kinase (NDPK) is a ubiquitous enzyme that catalyzes the transfer of the c-phosphate from a donor nucleoside triphosphate to an acceptor nucleoside diphosphate. In this study we used a targeted metabolomic approach and measurement of physiological parameters to report the effects of the genetic manipulation of cytosolic NDPK (NDPK1) expression on physiology and carbon metabolism in potato (Solanum tuberosum) roots. Sense and antisense NDPK1 constructs were introduced in potato using Agrobacterium rhizogenes to generate a population of root clones displaying a 40-fold difference in NDPK activity. Root growth, O 2 uptake, flux of carbon between sucrose and CO 2 , levels of reactive oxygen species and some tricarboxylic acid cycle intermediates were positively correlated with levels of NDPK1 expression. In addition, NDPK1 levels positively affected UDP-glucose and cellulose contents. The activation state of ADP-glucose pyrophosphorylase, a key enzyme in starch synthesis, was higher in antisense roots than in roots overexpressing NDPK1. Further analyses demonstrated that ADP-glucose pyrophosphorylase was more oxidized, and therefore less active, in sense clones than antisense clones. Consequently, antisense NDPK1 roots accumulated more starch and the starch to cellulose ratio was negatively affected by the level of NDPK1. These data support the idea that modulation of NDPK1 affects the distribution of carbon between starch and cellulose biosynthetic pathways.
INTRODUCTION
Nucleoside diphosphate kinases (NDPKs; EC 2.7.4.6) are enzymes that are present in all living cells. They belong to the Nme protein family which is well known in animal models for its involvement in the control of dissemination of tumor metastases and its participation in a number of other cellular and developmental functions (Boissan et al., 2009) . NDPKs catalyze the reversible transfer of the cphosphate of a donor nucleoside triphosphate (NTP) to an acceptor nucleoside diphosphate (NDP). ATP is the usual phosphate donor in vivo but NDPKs can also use ribose and deoxyribose forms of purine and pyrimidine nucleotides as substrates (Parks and Agarwal, 1973; Zrenner et al., 2006) . NDPKs are considered as housekeeping enzymes required for homeostasis of cellular NTP pools (Dancer et al., 1990; Lambeth et al., 1997; Roberts et al., 1997; Bernard et al., 2000; Zrenner et al., 2006) . They are central to energy utilization as they provide co-substrates and energy-rich precursors for many biosynthetic processes. For example, many important polysaccharides require nucleotide-linked sugars as substrates for their synthesis (Keegstra, 2010) . Cell wall production heavily depends on UTP for the synthesis of the energy-rich nucleotide sugar UDP-glucose, the precursor of cellulose and other carbohydrate polymers of plant cell walls (Lerouxel et al., 2006) . ATP is used by ADP-glucose pyrophosphorylase (AGPase) to generate ADP-glucose, the key substrate for starch biosynthesis (Zeeman et al., 2010) . Physiological and genetic studies manipulating the levels of adenine (Loef et al., 2001; Regierer et al., 2002; Oliver et al., 2008; Riewe et al., 2008b) or uridine nucleotides (Loef et al., 1999; Geigenberger et al., 2005b) in plants have revealed the importance of these metabolites for the modulation of respiration, as well as starch and cell wall carbohydrate contents. Experimental evidence also supports the involvement of adenine nucleotide levels in the redox-regulation of AGPase (Oliver et al., 2008; Riewe et al., 2008b) . Given the involvement of NDPK in the interconversion of adenine and uridine nucleotides and its metabolic connection to the synthesis of sugar nucleotides, the genetic manipulation of this enzyme could be used to gain further insight into plant central metabolism. High levels of NDPK activity could be expected to favor uridine nucleotide-dependent reactions, whereas low NDPK activity could support adenylate-dependent pathways. More specifically, it can be hypothesized that the NDPK activity level could influence starch and cellulose contents.
Plant NDPKs are organized into four distinct types (I-IV) according to their subcellular localization and phylogenetic relationships. The diverse known functions of the different types of NDPKs have been recently reviewed (Dorion and Rivoal, 2015) . Type I NDPK (NDPK1) is mainly located in the cytosol and has been shown to be the major NDPK isoform in plants (Dorion et al., 2006) . Consequently, the highest potential for NTP synthesis from ATP resides in the plant cytosolic compartment. Several reports show that NDPK1 can be spatially and temporally regulated during growth and development (Lin et al., 2005; McIntosh et al., 2007; Martinez-Esteso et al., 2011; Ricardo et al., 2011; Guo et al., 2012) . In potato (Solanum tuberosum), tissue-level expression studies performed on roots and shoots have demonstrated the existence of pronounced differences in NDPK1 expression between cell types. The enzyme was predominantly expressed in meristematic zones and provascular tissues (Dorion et al., 2006) . Accordingly, it was suggested that this isoform could supply UTP for the synthesis of cell wall precursors during early growth. Other evidence for the involvement of NDPK1 in growth and development arises from the reported effect of antisense manipulation of OsNDPK1 in rice (Oryza sativa L.), which caused a defect of coleoptile elongation (Pan et al., 2000) . However, the underlying causes for this phenotype were not clearly established. Despite the potential importance of NDPK1 in various aspects of energy and central metabolism, the influence of this enzyme on carbon metabolism has never been reported.
In this study, we characterized the effect of manipulating the NDPK1 expression level on heterotrophic carbon metabolism in potato roots. We show that this modification affects several aspects of root physiology and primary metabolism, including growth, respiration and conversion of sucrose to CO 2 . NDPK1 levels also altered the ratio of starch to cellulose. Furthermore, we found that high expression levels of NDPK1 led to altered redox status, which affected the AGPase activation state. These data support the idea that NDPK1 is involved in the distribution of carbon between starch and cellulose biosynthetic pathways.
RESULTS

Plant transformation and characterization of NDPK activity in selected root clones
Solanum chacoense NDPK1 (ScNDPK1) sense and antisense constructs under the control of the CaMV 35S promoter were introduced into potato using transformation with Agrobacterium rhizogenes. Control transgenic clones carried an empty vector. Fifty independent root clones were generated. This population was screened using NDPK activity assays. Sixteen clones representing the 40-fold variation in activity present in the initial population were selected for further study (Figure 1a ). Among these, six antisense clones displayed NDPK activity levels ranging between 15% and 59% of that observed for control clones. In the five selected sense clones, NDPK activity was 2.8-6.7 times higher than in control clones. Since extractable activity reflects the contribution of all NDPK isoforms, we analyzed transgenic root extracts by immunoblot ( Figure 1b ) using an anti-NDPK1 immune serum (Dorion et al., 2006) . Differences in NDPK1 protein levels detected among the clones followed the general trend of NDPK activity values.
In order to study the impact of sense and antisense strategies on potato root NDPK isoforms, NDPK activity found in representative clones (antisense A1.7, control C6.8 and sense S3.1) was examined by analytical anion exchange chromatography ( Figure S1a -c in the Supporting Information). This technique was previously used to show that NDPK1 accounts for about 80% of extractable NDPK activity in roots (Dorion et al., 2006) . In all clones, some unbound activity was found in the column flow-through. This unbound activity did not vary between the different clones. Two NDPK activity peaks (peaks 1 and 2) eluted between 150 and 250 mM KCl (respectively around fractions 26-27 and 35-37). Peak 1, which was previously shown to contain NDPK1, was decreased in the antisense clones and increased in the sense clone compared with the control. NDPK activity present in peak 2 did not change between clones. Immunoblot analysis of NDPK1 from each elution profile ( Figure S1d-f) confirmed the presence of the 16.2-kDa NDPK1 polypeptide in peak 1. These data indicate that sense and antisense strategies altered NDPK1 activity while other isoforms did not appear to be significantly modified.
Enzyme activities of primary metabolism in transgenic roots
To examine whether the genetic manipulation had effects on enzymes other than NDPK1, 22 primary metabolism enzymes were surveyed for five selected root clones representing a wide range of NDPK activities (Table S1 , Figures 2d and 4b) . Although some differences in activity were observed for a few enzymes, the data showed that for the enzymes reported in Table S1 there was no consistent variation in activity between control and antisense or sense clones (Table S1 ). This suggests that manipulation of NDPK1 had no systematic pleiotropic effect on the activity of these enzymes. However, as shown below, activities of hexokinase (HK) and AGPase were significantly altered by NDPK1 expression.
Manipulation of NDPK1 activity levels affects root growth, O 2 uptake, carbon flux between sucrose and CO 2 and levels of HK activity and protein
We first observed significant differences in growth among the transgenic root clones ( Figure S2 ). To quantify these differences, Petri plates were inoculated with a single 0.7-cm-long root tip from selected antisense, control and sense clones. The total length of the root system was measured over time for five selected root clones (Figure 2a ). After 13 days, the total root lengths of antisense clones A1.1 and A1.7 were respectively 47 and 49% lower than the control (C6.8) whereas that of sense clones S3.1 and S3.8 was, respectively, 2.0-and 2.7-fold higher than the control. Respiration, quantified as the rate of O 2 uptake, was measured in the same clones (Figure 2b) 
. The deduced FCC value of NDPK1 over the flux from sucrose to CO 2 was 0.051 ( Figure S3b ). Intriguingly, HK, a key enzyme responsible for entry of hexose into glycolysis, was significantly altered by manipulation of NDPK1. Compared with the control, HK activity was increased by 68% in S3.1 and 75% in S3.8 (Figure 2d ). This was associated with higher steady-state levels of HK protein in sense clones (Figure 2d inset) and an alteration of the HK profile following anion exchange chromatography (Figure S4a, b) . HK activity, as well as HK protein was increased in the first peak eluting from the column in sense compared with control clones ( Figure S4 ). Since it was recently reported that maize (Zea mays L.) NDPK1 can bind a guanine-quadruplex (G4) DNA motif in the maize HK4 gene (Kopyov et al., 2015) , suggesting a possible function in gene expression, we sought to identify the presence of G4 motifs in potato HK genes using the G4 motif prediction tool QuadBase2 (Dhapola and Chowdhury, 2016) . Among the six potato HK genes retrieved from the National Center for Biotechnology Information database (NCBI, https://www.ncbi.nlm.nih.gov/), a single HK gene (LOC102580689; gene ID 102580689 identified as HK-3-Like) contained a G4 motif located in the first intron ( Figure S5 ).
Quantification of metabolite pools in NDPK1 transgenic roots
Given the above changes in respiratory metabolism, we used targeted metabolomic profiling to determine the pool sizes of several key metabolites. We first quantified the major soluble carbohydrates in the transgenic population.
There was no significant variation in the pools of glucose, fructose or sucrose as a function of NDPK1 activity (Figure 3a-c, Table S2 ). The levels of hexose-Ps measured in selected root clones showed significantly larger pools in the sense clone with the highest activity (S3.8) compared with the one with the lowest activity (A1.1) ( Table 1) . UDPglucose was significantly higher in the two sense clones than in the antisense clones (Table 1 ). There were no significant differences in pyridine nucleotides, ATP, ADP and AMP levels or in adenylate or pyridine nucleotide ratios among the selected clones (Table 1) . No significant variation in pools of free inorganic phosphate (Pi) could be observed across the population ( Figure S6 , Table S2 ). The major organic acids identified in roots (isocitrate, shikimate, malate and fumarate) ( Table 1 ) and pools of free amino acids ( Figure S7 ) were also quantified. No variation in the levels of isocitrate or shikimate could be correlated to NDPK1 activity levels. However, the pools of malate and fumarate were significantly lower in the two antisense clones than in the sense clones. There were very few significant variations in the pools of amino acids as a function of NDPK1 activity except for serine levels ( Figure S7s , Table S2 ).
Alteration of starch and cellulose contents in NDPK1 transgenic roots
Analysis of starch contents in the transgenic root population revealed a significant negative correlation between starch levels and NDPK1 activity ( Figure 3d , Table S2 ). This correlation was even stronger when considering only the range of NDPK activity covered by the antisense and control clones. Furthermore, a significant positive correlation between cellulose levels and NDPK1 activity was found ( Figure 3e , Table S2 ). The deduced starch/cellulose ratio was thus significantly negatively correlated with variation in NDPK1 activity across the population ( Figure 3f , Table S2 ).
Manipulation of NDPK1 activity levels alters AGPase redox status and activation state
We examined AGPase activity more closely since it is a key regulatory enzyme for starch synthesis. This activity is subject to multiple regulatory mechanisms, including redox control (Geigenberger, 2011) . Alterations in the AGPase redox state can be detected from a change in the electrophoretic mobility of the small subunits in non-reducing SDS gels. The oxidized (less active) form runs as a dimer whereas the reduced (more active) form migrates as a monomer. Immunoblot analysis of proteins separated under non-reducing ( Figure 4a , upper panel) and reducing conditions ( Figure 4a , lower panel) showed that the oxidized AGPase form was more prominent in the two sense clones compared with the control and antisense clones. The total level of AGPase protein was not substantially changed, as revealed by analysis of the proteins separated under reducing conditions. We next analyzed the activation state of the enzyme, defined as the ratio of AGPase activity measured in the absence of DTT (oxidized) over AGPase activity measured in the presence of DTT (reduced) (Tiessen et al., 2002) . The AGPase activation state was strongly negatively correlated to NDPK activity levels ( Figure 4b ) and was significantly lower in the sense clone with the highest NDPK1 activity (S3.9) than in antisense and control clones.
In situ detection of superoxide radical and H 2 O 2 in NDPK1 transgenic roots
Given the above evidence of an alteration of redox state in the transgenic clones, we examined NDPK1 transgenic antisense (A1.1, A1.7), control (C6.6, C6.8) and sense (S3.1, S3.8, S3.9) root clones using procedures for in situ detection of superoxide radicals by nitroblue tetrazolium (NBT) staining and H 2 O 2 with 3,3 0 -diaminobenzidine (DAB) staining ( Figure 5 ). Superoxide radical staining increased toward the tips of the lateral roots. This pattern was observed in all clones, although staining was much stronger in sense clones compared with controls and antisense clones. For sense clones, important staining was also observed on the axis of the main roots and lateral roots. In the case of H 2 O 2 , the signal appeared to be strongly affected by NDPK activity level. At low NDPK activity, the staining was mainly detectable in a zone located upstream of the extremity of the tip of the lateral roots. In sense clones, this pattern was conserved but the signal was considerably stronger and extended to the extremity of the tip and to the main root.
DISCUSSION
Manipulation of the NDPK1 level in potato roots affects growth, respiration and various aspects of carbon metabolism
Several reverse genetic studies have produced evidence for the existence of strong relationships between plant energy metabolism and growth. For example, the manipulation of plastidial adenylate kinase, enzymes associated with the TCA cycle and apoplastic or plastidial apyrase activities, have been reported to affect growth phenotypes (Regierer et al., 2002; Carrari et al., 2005; Riewe et al., 2008a,b; van der Merwe et al., 2010) . In agreement with this, the manipulation of NDPK1 levels in potato roots produced pronounced differences in growth (Figure 2a ). This result supports the reported effect of the transgenic manipulation of OsNDPK1 in rice (Pan et al., 2000) and is consistent with the growth-related expression of NDPK1 in meristematic and provascular tissues (Dorion et al., 2006) . The observed growth phenotype across our transgenic population appears to be strongly related to NDPK1 activity levels because no difference in the activity of other NDPK isoforms was detected, as shown by analytical anion exchange chromatography ( Figure S1 ). Increased growth correlated with NDPK1 overexpression was also associated with higher rates of O 2 uptake and glycolytic flux (Figure 2a-c) . This suggests that the metabolic rate of sense clones served to maintain a steady production of precursor metabolites to support growth-related biosynthetic processes. When considering control and sense clones, the calculated FCC of NDPK1 over respiration was 0.196 (Figure S3a) . A significant part of the metabolic control of respiration is shared between a few TCA cycle enzymes in heterotrophic tissues . The FCC value of NDPK1 identifies it as a non-negligible component of the control of respiratory rate in roots. The higher respiration observed in NDPK1 sense roots could be related to a high turnover rate of cytosolic ATP in these clones. The increase in HK activity observed in sense clones (Figure 2d ) could also contribute to ATP turnover (see below). Indeed, NDPK and HK recycle ADP, which could be taken up by the mitochondrial adenylate translocator thereby stimulating respiration. An increase in respiration due to high ATP turnover was also observed in potato tubers expressing a plastid-localized apyrase (Riewe et al., 2008b) . Increased respiration rates also suggest that generation of ATP could be enhanced in sense clones. However, ATP levels and adenylate ratios were unchanged in whole cell extracts (Table 1 ). This could result from a tight coupling between mitochondrial ATP generation and its dissipation by NDPK1. Since adenylates are not evenly distributed in the cell (Gout et al., 2014) , it is also possible that concentrations and ratios were differently altered in distinct cellular compartments and that these variations were not apparent in whole tissue extracts. ATP-and NTPdependent energy systems (in particular UTP), are interconnected via cytosolic NDPK (Dancer et al., 1990) . NDPK1 overexpression could increase the capacity for UTP generation and promote the activity of metabolic pathways dependent on uridinylates. Conversely, antisense repression of NDPK1 could improve availability of ATP, which, in turn, could favor metabolic pathways dependent on adenylates. In agreement with this scenario, increasing NDPK1 Figure 3e ) whereas antisense repression of NDPK1 increased starch content (Figure 3d) . Consequently, the starch/cellulose ratio was negatively correlated to variations in NDPK1 activity across the population (Figure 3f , Table S2 ). Overall, this suggests that genetic manipulation of NDPK1 alters carbon distribution between cellulose and starch. However, it should be emphasized that, on a carbon basis, cellulose is 12.5-25 times more abundant than starch (Figure 3f ), meaning that the alteration of carbon flow between starch and cellulose synthesis is not a simple redirection of carbon flux from one pathway to the other. These results are somewhat reminiscent of physiological and genetic studies performed with potato tubers on the effects of manipulating adenine or uridine nucleotides levels on carbon metabolism. For instance, feeding adenine to potato tuber disks or repressing the plastidial adenylate kinase led to an increase in ATP and the overall levels of adenylates. This resulted in the stimulation of starch synthesis as well as respiration (Loef et al., 2001; Regierer et al., 2002; Oliver et al., 2008) . Inversely, a decrease in the adenylate energy state obtained by constitutive expression of apyrase in transgenic potato tubers led to a strong inhibition of starch biosynthesis and significant differences in the rate of respiration (Riewe et al., 2008b) . Feeding uridine or orotate to potato tuber disks or silencing of UMP synthase in the tuber led to an increase in uridine nucleotides, UDP-glucose, starch and cell wall contents (Loef et al., 1999; Geigenberger et al., 2005b) . In contrast to these latter results, overexpression of NDPK1 in roots resulted in higher levels of UDP-glucose and cellulose without increasing the starch content. There are obvious differences between roots and growing tubers. In the latter organ, starch synthesis and growth occur simultaneously, therefore requiring synthesis of cell wall material in expanding and newly formed cells. Additionally, potato tubers have a higher capacity for starch storage as they contain two orders of magnitude more starch than Arabidopsis thaliana roots (Carrari et al., 2005) or the potato roots used in our study (Figure 3d ). However, a more direct explanation may lie in the effects of oxidative conditions on the AGPase activation level, as discussed below. Similar to the present study, previous reports have documented the impact of alterations in the supply of UDP-glucose on accumulation of cell wall material. In developing A. thaliana roots, study of a cellulose-deficient mutant provided indirect evidence that limitation of UDP-glucose supply can reduce cellulose biosynthesis (Howles et al., 2006) . In contrast, overexpression of UDP-glucose pyrophosphorylase (UGPase) led to increases in cellulose content in jute (Corchorus capsularis L.) stems (Zhang et al., 2013) and A. thaliana .
Overexpression of NDPK1 increases HK activity and modifies the HK isoforms profile
Increased HK activity found in NDPK1 sense clones (Figure 2d ) was linked to an alteration in the HK isoforms profile obtained after anion exchange chromatography ( Figure S4 ). Changes in potato HK1 expression has been shown to affect the starch content of potato leaf (Veramendi et al., 1999) . In addition, potato HK1 and HK2 have been shown to function in sugar signaling (Veramendi et al., 2002; Granot et al., 2013) . It is therefore possible that the modulation of HK by NDPK1 overexpression plays a role in the phenotypes observed in our transgenic clones. Further investigations will be needed to clarify this aspect, as no direct correspondence exists between HK gene products and their behavior on anion exchange The AGPase activation state represents the ratio of AGPase activity measured in the absence of DTT (oxidized) over AGPase activity measured in the presence of DTT (reduced). AGPase activation state is plotted as a function of extractable nucleoside diphosphate kinase (NDPK) activity of the transgenic clones used in (a). Symbols are: white, antisense; gray, control; black, sense clones. Data are mean AE SE (n ≥ 4) and different superscript letters denote significant differences (Student's t-test, P < 0.05).
chromatography of a crude extract. Therefore, HK activity peaks 1 and 2 cannot be formally associated with a specific gene product at the present time. Our results nevertheless provide an additional insight into the metabolic changes found in sense clones. HK uses ATP to phosphorylate hexoses. The larger hexose-P pool sizes found in sense clones (Table 1) could thus be a consequence of higher HK activity. In transgenic potato roots, HK was previously demonstrated to have a high FCC over glucose phosphorylation but negligible control over glycolysis, indicating its involvement in a futile consumption of respiration-derived ATP (Claeyssen et al., 2013) . In plants, the association of an HK isoform with mitochondria is well established (Claeyssen and Rivoal, 2007) . Recent observations suggest that in beetroot (Beta vulgaris L.) mitochondria HK closely interacts with voltage-dependent anion channels (AlcantarAguirre et al., 2013) . This interaction was proposed to allow the direct channeling of respiratory ATP to HK and the removal of the ADP produced to allow its phosphorylation by ATP synthase. Moreover, there is evidence that the generation of ADP by mitochondrial HK may also serve to limit H 2 O 2 formation in the mitochondrial electron transport chain (Camacho-Pereira et al., 2009) . The mechanism responsible for the higher HK protein steady-state and alteration of the isoform profile in clones overexpressing NDPK1 remains unclear at the moment. However, a recent G4 DNA ligand-binding screen led to the identification of the capacity of maize NDPK1 to bind in vitro to a G4 DNA element from the 5 0 untranslated region (UTR) antisense strand of the maize HK4 gene (Kopyov et al., 2015) . Maize HK4 carries an N-terminal membrane domain characteristic of the type B HKs associated with mitochondria (Claeyssen and Rivoal, 2007) . According to the prevalence of G4 motifs in key regulatory genes associated with adjustment of cellular energy status, G4 motifs have been suggested to act as cis-regulatory elements linking energy status signals to gene regulation in maize (Andorf et al., 2014) . Data mining in a list of G4 DNA motifs has revealed the presence of this structure in several other rice and A. thaliana HK genes (Garg et al., 2016) . Among the six potato HK genes found in the NCBI database, we found a single G4 motif located in the first intron of LOC102580689, identified as HK-3-like, a type B HK. Interestingly, maize HK4 also contains a G4 motif in the first intron (Andorf et al., 2014) . In Escherichia coli, it was shown that the presence of antisense G4 motifs in promoter regions decreased gene expression while a location in 5
0 UTRs was associated with increased expression (Holder and Hartig, 2014) . In plants, it remains to be established whether interaction of NDPK1 with G4 motifs present in HK genomic sequences could explain the effect of NDPK1 on HK activity and the protein content in sense clones.
The modulation of NDPK1 expression affects posttranslational redox regulation of AGPase
AGPase catalyzes the conversion of glucose-1P and ATP to ADP-glucose and inorganic pyrophosphate, the first committed step to starch synthesis. In higher plants, AGPase is a heterotetramer comprising two large and two small subunits (Morell et al., 1987) . The enzyme is sensitive to allosteric regulation and is also subject to post-translational redox regulation, which involves the formation of a reversible disulfide-bond between the two small subunits that renders the enzyme less active (Fu et al., 1998; Ballicora et al., 2000; Tiessen et al., 2002) . AGPase redox activation can be mediated by thioredoxin (Ballicora et al., 2000; Geigenberger et al., 2005a) or by a plastid-localized NADPthioredoxin reductase C (NTRC) (Michalska et al., 2009) . AGPase immunoblot analysis and activity measurement under non-reducing and reducing conditions revealed a strong negative correlation between AGPase activation state and NDPK activity levels (Figure 4) . The reason for increased oxidation of AGPase in clones with greater NDPK activity may be the result of metabolic changes in sense clones. In the literature, variations in sugar supply, adenine nucleotide levels or modifications in mitochondrial malate metabolism have all been implicated in the post-translational redox regulation of AGPase and the regulation of starch synthesis. Depending on the sugar, redox activation Figure 5 . In situ detection of superoxide radical and H 2 O 2 in transgenic roots. H 2 O 2 was visualized as a brown color due to 3,3 0 -diaminobenzidine (DAB) polymerization and superoxide radical was visualized as a dark blue color produced by nitroblue tetrazolium (NBT) precipitation. Experiments were repeated three times on at least 10 roots. Scale bars: 4 mm (top panel) and 1 mm (bottom panel).
of AGPase can occur via different signaling pathways to channel a greater proportion of the incoming sugars into starch (Tiessen et al., 2002 (Tiessen et al., , 2003 Kolbe et al., 2005) . Transgenic roots used in this study were grown in media containing 3% (w/v) sucrose that served as an external carbon source. Root sucrose and glucose contents were not significantly affected by the NDPK activity level (Figure 3a ,c, Table S2 ), thus making a difference in sugar supply unlikely to be the reason for the observed variations in AGPase redox-activation state and starch content.
There is strong evidence that adenine nucleotide levels in the plastid are involved in the redox regulation of AGPase and in starch synthesis. For instance, increasing or decreasing ATP levels using antisense inhibition of plastidial adenylate kinase (Oliver et al., 2008) or heterologous expression of apyrase in plastid potato tubers (Riewe et al., 2008b) , respectively, resulted in matching changes in the levels of starch and AGPase activation state. It was suggested that binding of the ATP substrate to AGPase could induce changes in the midpoint redox potential of the regulatory cysteine of the enzyme, thereby promoting its activation (Oliver et al., 2008) . In growing potato tubers, plastidial ATP concentration was reported to be close to the K m(ATP) of AGPase (Farr e et al., 2001; Tiessen et al., 2002) . This is consistent with the suggestion that AGPase activity is probably limited by the concentration of its substrate, ATP ). As mentioned above, antisense repression of NDPK1 would be expected to result in a greater availability of ATP in the cytosol. Accordingly, this process could facilitate ATP entry in the plastid, thereby increasing redox activation of AGPase and starch content compared with sense clones (Figures 3d  and 4b) .
Changes in mitochondrial malate metabolism have also been implicated in AGPase redox regulation. In transgenic tomato (Solanum lycopersicum) fruits with antisense repression of mitochondrial malate dehydrogenase (MDH) or fumarase, alteration of starch synthesis was linked to an altered redox status of AGPase (Centeno et al., 2011) . A strong negative correlation was observed between changes in malate, NADP reduction state (as shown by alteration of the plastidial NADP-MDH redox activation state) and transitory starch synthesis in green tomato fruit (Centeno et al., 2011) . The transmission of alterations in mitochondrial redox status to the plastid was hypothesized to occur via a malate valve (Centeno et al., 2011) . Accordingly, it was suggested that an increase in NADP reduction could activate plastidial NTRC leading to the redox activation of AGPase and starch synthesis (Geigenberger, 2011) . However, in potato tuber, variations in malate did not affect starch synthesis or AGPase activity, leading to the assumption that malate regulation of AGPase is context dependent and may not operate in fully heterotrophic tissues (Szecowka et al., 2012) . Moreover, NADP-dependent MDH is thought to be absent from non-green plastids (Selinski et al., 2014) . Consequently, the involvement of a malate valve in the regulation of AGPase in heterotrophic tissues remains elusive. In our transgenic roots system, the lower malate levels observed in antisense compared with control and sense clones might be a mere consequence of lower glycolytic or respiratory activity. For example, a decreased malate pool in the cytosol might reflect a lower need for removal of reducing equivalents associated with a reduced glycolytic flux. The repression of NDPK1 led to increased AGPase redox activation and higher starch content without a significant change in the levels of pyridine nucleotide pools or ratios. Evidence that the plastid redox potential is altered by NDPK1 expression is nevertheless apparent from the observed change in AGPase redox status. Whether this is mediated by thioredoxin or NTRC remains to be established. However, the correlation between NDPK1 overexpression and AGPase oxidation state could be directly or indirectly related to the production of mitochondrial reactive oxygen species (ROS), as discussed below.
Increasing NDPK1 activity causes a rise in cellular ROS
The production of ROS in plants occurs through a variety of mechanisms (Mittler, 2002) and mitochondria are considered as the source of most ROS in heterotrophic cells (Jardim-Messeder et al., 2015) . Mitochondrial complexes I and III have been widely regarded as the main sites of ROS production in plant mitochondria, and there is now increasing evidence that succinate dehydrogenase (complex II) also participates in this process (Rhoads et al., 2006; Jardim-Messeder et al., 2015) . It is assumed that the ROS produced by mitochondria can diffuse in the plant cell (Schwarzlander and Finkemeier, 2013) . Additionally, specific aquaporins may facilitate the diffusion of H 2 O 2 between cellular compartments (Dynowski et al., 2008) . The superoxide radical, H 2 O 2 and the highly reactive and unstable hydroxyl radical are produced in response to biotic and abiotic stresses but also during normal plant metabolism (Dietz et al., 2006; Gapper and Dolan, 2006) . As revealed by NBT and DAB staining, NDPK1 overexpression was associated with increased levels of superoxide radical and H 2 O 2 ( Figure 5 ). There was no evidence that the higher ROS content in sense root clones was detrimental, as this condition prevailed in clones with more active metabolism and increased growth. In addition to hormones, the regulation of root growth has been strongly linked to ROS homeostasis. Earlier observations revealed differential distribution of these radicals along the root (Dunand et al., 2007) . In A. thaliana roots, the transition from proliferation to differentiation was demonstrated to depend on gradients of superoxide and H 2 O 2 . Accumulation of superoxide occurred in dividing cells, while high H 2 O 2 was found in cells from the elongation zone (Tsukagoshi et al., 2010) . Interestingly, H 2 O 2 is also involved in differentiation of the secondary cell wall in cotton (Gossypium hirsutum) fibers. The developing cotton fiber offers a particular system in which the secondary wall consists of almost pure cellulose. The deposition of cotton fiber secondary walls occurs simultaneously with an increase in H 2 O 2 production (Potikha et al., 1999) . Furthermore, exogenous application of H 2 O 2 induces cellulose deposition whereas H 2 O 2 scavengers inhibit the process (Potikha et al., 1999 ). The precise role of H 2 O 2 in cellulose deposition has not been clearly established, but it may act by stimulating the activity of cellulose synthases (CesA) during the growth of the cotton fiber (Gapper and Dolan, 2006) . Consistent with this, dimerization of CesA via cysteine-rich zinc-binding domains is redox regulated, with dimerization and higher-order assembly favored under oxidative conditions (Kurek et al., 2002) . Moreover, the reduced CesA monomers are rapidly degraded when exposed to protein extracts from cotton fibers that were synthesizing secondary cell walls, whereas the oxidized CesA dimers are resistant to such degradation (Jacob-Wilk et al., 2006) . We observed a gradual increase of DAB staining with increased NDPK activity and a positive correlation between NDPK activity and cellulose content (Table S2 , Figures 3e and 5) . The increased ROS level observed in sense roots might thus provide a favorable context for cellulose synthesis. In contrast, oxidative conditions might not offer a suitable environment for starch synthesis as AGPase is sensitive to oxidation. Accordingly, decreased redox activation of AGPase was observed in NDPK1 sense root clones which exhibited higher levels of ROS (Figures 4b and 5 ). These data are consistent with the hypothesis that increasing cytosolic NDPK stimulates mitochondrial respiration, leading to a higher production of ROS, which may in turn lead to inactivation of the key enzyme in starch synthesis in plastids. In addition to these considerations, it is important to take into account the fact that, besides AGPase regulation, a well-documented function of NTRC is the detoxification of plastid H 2 O 2 through a mechanism involving 2-Cys peroxiredoxin (P erez-Ruiz et al., 2006; Cejudo et al., 2012) . Thus, an increased demand for the detoxification of H 2 O 2 by NTRC may adversely affect the redox activation status of AGPase.
Concluding remarks
Here, we studied the effects of the manipulation of NDPK1 on root primary metabolism. A positive correlation was found between NDPK1 activity, root growth, O 2 uptake rate and glycolytic flux. The ratio of starch/cellulose was negatively affected by the NDPK1 activity level. These results are consistent with the hypothesis that high NDPK1 activity favors uridinylate-dependent pathways such as cellulose synthesis whereas low NDPK1 promotes the availability of ATP for starch synthesis in the plastid. Increased respiratory activity associated with overexpression of NDPK1 may be brought about by a high turn-over rate of cytosolic ATP feeding ADP back to oxidative phosphorylation. This mechanism led to an increased ROS production in overexpressors, which lowered the redox-dependent activation state of AGPase. 
EXPERIMENTAL PROCEDURES Chemicals
Construction of plasmids, transformation and transgenic root maintenance
Sense and antisense constructs were prepared using ScNDPK1 (NCBI/GenBank accession number DQ157699) which shares over 98% homology with the product of the S. tuberosum NDPK1 gene (ID PGSC0003DMT400080042, available at http://solanaceae.plantb iology.msu.edu/) and was therefore expected to be used successfully in an antisense strategy. Sense and antisense NDPK1 constructs were inserted into the binary vector pGA643 under the control of the CaMV 35S promoter. To obtain the sense construct, ScNDPK1 cDNA from pBKCMV (Dorion et al., 2006) was amplified using the forward primer NDPKF1 5 0 -ATGGAGCAGACTTTCATCAT-GATC-3 0 and the reverse primer NDPKR1 5 0 -CGAATTGGGTACACT-TACCTGGTA-3 0 . The 776-bp fragment coincided with NDPK1 initiation codon at the 5 0 end and was digested with ClaI to allow cloning of the full coding sequence into HpaI/ClaI-digested pGA643. To obtain the antisense construct, the ScNDPK1 cDNA was digested with BamHI and XbaI to produce a 0.7-kb fragment containing the entire NDPK1 coding sequence. This sequence was ligated in the antisense orientation to pGA643 digested with XbaI and BglII. Constructions were verified by sequencing. Empty pGA643 vector used as control (C), sense (S) and antisense (A) NDPK1 constructs were transferred to A. rhizogenes strain A4 and used for potato (cv. Russet Burbank) transformation using a previously described protocol (Rivoal and Hanson, 1994) and maintained as described (Claeyssen et al., 2013) .
Growth measurement
Single root tips (0.7 cm long) excised from 2-week-old cultures were placed in the center of MS-medium Petri plates. Roots were left to grow in the dark and their total length was measured over time with using WinRHIZO software (Regent Instruments Inc., http://www.regentinstruments.com).
Extraction and enzyme activity assays
To generate material for enzyme activity measurements, roots were cultivated in liquid media, harvested as described (Dorion and Rivoal, 2009 ) and stored at À80°C until use. Extraction was performed as reported earlier (Dorion et al., 2012) . NDPK activity measurements were done using a coupled enzyme spectrophotometric assay (Dorion and Rivoal, 2003) . For AGPase, extraction and assay conditions to study the in planta activity and redox activation state of AGPase were as described previously (Tiessen et al., 2002) . UGPase activity was measured according to Sweetlove et al. (1996) and all other enzymes were assayed as previously described (Dorion et al., 2012) .
SDS/PAGE and immunoblot analysis of NDPK1, HK and AGPase
For AGPase, protein extraction in 49 Laemmli buffer and nonreducing 10% acrylamide SDS/PAGE were carried out as described previously (Tiessen et al., 2002) . For NDPK and HK, SDS/PAGE analysis was done according to Laemmli (1970) on 15 and 12% acrylamide gels, respectively. Immunodetection analysis was performed with an affinity purified anti-spinach leaf AGPase antibody (a kind gift of Dr Alberto A. Iglesias, Instituto de Agrobiotecnolog ıa del Litoral, Argentina), an isoform-specific anti-NDPK1 antibody (Dorion et al., 2006) and an affinity-purified rabbit immune serum raised against S. chacoense HK2 protein (Claeyssen et al., 2006) . The latter antibody was shown to recognize several potato tuber HK subunits (Moisan and Rivoal, 2011) .
Analytical anion exchange chromatography of NDPK and HK isoforms NDPK activity was extracted and analyzed using anion exchange chromatography on Fractogel EMD DEAE-650 (S) (VWR, https://ca. vwr.com) under previously described conditions (Dorion et al., 2006) . For the analysis of HK isoform profiles in control and sense clones, the above matrix was used as described previously (Claeyssen et al., 2013) .
Metabolite measurements
To generate material for metabolite measurements, roots were cultivated in liquid media, harvested and stored at À80°C as described for enzyme activity measurement. For determination of hexose-P, UDP-glucose and starch, harvested roots were freeze-dried and stored over desiccant under vacuum at 22°C until used (Dorion and Rivoal, 2009 ). Starch, sugars, organic acids and amino acids were determined according to protocols described in detail elsewhere (Dorion et al., 2012) . Pi and adenylates were extracted and analyzed as described previously (Claeyssen et al., 2013) . UDP-glucose was quantified immediately following hexose-P determination by adding 0.2 mM Na-inorganic pyrophosphate and 1 U ml À1 UGPase in the assay medium. Cellulose was isolated and solubilized (Updegraff, 1969 ) and the glucose content was determined with anthrone (Scott and Melvin, 1953 The superoxide radical and H 2 O 2 staining
Visualization of the superoxide radical by NBT staining (Dunand et al., 2007) and H 2 O 2 by DAB staining (Ramel et al., 2009) were as described previously. All observations were made with a Leica stereomicroscope MS-5 equipped with a DFC 425 camera (Leica, http://www.leica.com/). Settings were identical for all the pictures in an experiment. Each experiment was repeated at least three times with similar results.
Statistical analyses
Experimental values represent mean values and standard error, and n represents the number of biological replicates. Statistical analysis was done using the Spearman rank order correlation coefficient or the Student's t-test component of SigmaPlot 8.0 (http://www.sigmaplot.com). A value of P < 0.05 was considered significant.
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